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Abstract: 
This study investigates the use of water for extracting shale gas in the Sichuan Basin of 
China. Both net water use and water intensity (i.e., water use per unit of gas produced) 
of shale wells are estimated by applying a process-based life cycle inventory (LCI) 
model. The results show that the net water use and water intensity are around 24500 
m3/well and 1.9 m3 water/104m3 gas respectively, and that the fracturing and completion 
stage of shale gas extraction accounts for the largest share in net water use. A 
comparison shows that China's water use for shale gas extraction is generally higher 
than that of other countries. By considering the predicted annual drilling activities in 
the Sichuan Basin, we find that the annual water demand for shale gas development is 
likely to be negligible compared to total regional water supply. However, considering 
the water demand for shale gas extraction and the water demand from other sectors may 
make water availability a significant concern for China's shale gas development in the 
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future. 
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1. Introduction 
Climate change resulting from the use of fossil fuel has become a critical issue which 
threatens the sustainable development of human society. An important way to deal with 
this issue is to promote the transition of the global energy system from high-carbon 
energy resources to low-carbon energy resources. Natural gas, a relatively clean energy 
source compared to coal and oil, has been recently characterized as a ‘bridge fuel’ for 
the world to achieve this transition process (Vidic et al., 2013). In this respect, the 
International Energy Agency (IEA) forecasts that the world may enter a ‘golden age’ of 
natural gas (IEA, 2011), in which case expanding the supply of natural gas has become 
a crucial task for the world.  
Shale gas is natural gas that is found trapped within shale formations. Due to the 
vast resource base of shale gas and its wide distribution (EIA, 2013), shale gas 
development could play an important role in expanding the world supply of natural gas. 
Horizontal drilling and hydraulic fracturing have significantly reduced the barriers to 
shale gas development, and made the extraction of shale gas economically feasible 
(Vidic et al., 2013). However, these technologies are not free from environmental risks. 
In particular, the literature has pointed out that these two techniques are significantly 
water consuming, and large-scale development of shale gas resources can present a very 
large demand on local water resources (Jiang et al., 2014; Clark et al., 2013; Wan et al., 
2014). Moreover, like climate change, the lack of water resources is potentially a 
significant threat for human society (Rijsberman, 2006). Humans should not wish to 
solve one problem by creating another, and hence it is necessary for the world to 
understand the impacts of shale gas development on water resources, and then deal with 
these impacts. 
A number of studies have analyzed the water use of shale gas development. The 
various studies can be divided into three categories: The first category analyzes 
qualitatively the impacts of shale gas development on water use, such as Wan et al. 
(2014), Vengosh et al. (2014) and Guo et al. (2017); and where the contribution of such 
studies is to raise the public’s overall awareness of environmental risks of shale gas 
development. The second category of studies estimates quantitatively the amount of 
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water use of shale gas development, or the total demand on regional water resources, 
such as Dale et al. (2013), Clark et al. (2013), Chang et al.(2014a), Jiang et al. (2014) 
and Chen and Carter (2016); and where the contribution of these studies is to measure 
the environmental risks for industrial operators or policy makers. The third category is 
research into the potential ways to reduce the amount of water use by strengthening 
water resources management or developing advanced technologies; these studies 
include Rahm et al. (2013), Zhang et al. (2016) and Onishi et al. (2017). 
Of all these studies, the scientific assessment of environmental impacts (i.e. the 
second category of studies) is the most important, since it provides the base for 
controlling or reducing risks. A review of this second category of studies shows that 
their results differ significantly. For example, Nicot and Scanlon (2012) conclude that 
the average water use per well for shale gas development is less than 11000 m3, while 
this number in Clark et al. (2013) is more than 23000 m3. A number of reasons could 
be responsible for these differences, the most important of which is likely to be the 
differences in geological conditions of different shale basins, because the well depth 
and the amount of fracturing fluids required are related to the geological conditions 
(Chang et al., 2014a; Wang and Feng, 2016). Therefore, one of the key ways to improve 
the world’s understanding of the environmental impacts of shale gas development is to 
expand the geographical areas of study. 
Most current studies have focused on the U.S., mainly because of its relatively 
mature shale gas industry and the large amount of data accumulated (Jiang et al., 2014; 
Clark et al., 2013; Stephen et al., 2014). However, as potentially the world’s largest 
resource of shale gas (EIA, 2013), China has made ambitious development plans for its 
shale gas resources, and a number of international institutes forecast that China will be 
the largest developer of shale gas outside the U.S. (BP, 2016). Therefore, analyzing the 
environmental impacts of China’s shale gas development will help in the public 
understanding of the worldwide environmental impacts of shale gas development. 
In 2014, based on the limited data from China’s first horizontal well-W201H1 in 
the Sichuan Basin, Chang et al. (2014a) carried out the first quantitative study of water 
use per well for China’s shale gas development. However, as noted in Chang et al. 
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(2014a), W201H1 was a test well, rather than a production well. Therefore, in terms of 
data, the study carried out by Chang et al. (2014a) should be seen as a preliminary study, 
and to achieve a proper understanding of the impact of shale gas development on water 
use, more specific data should be used as they become available. Following Chang et 
al. (2014a) a number of studies appeared which analyzed the overall water demand on 
local water resources by considering the amount of water use per well and the 
development plans for shale gas in a specific region; such as Chang et al. (2014b), Yu 
et al. (2016) and Guo et al. (2016). However, the key data inputs to these studies are 
originally from Chang et al. (2014a) or from a combination of U.S. and China sources.  
Thus the main aim of this paper is to give a relatively comprehensive assessment 
of water use for shale gas production in China by using more specific data for Chinese 
shale wells, and reflecting production behavior in practice, and by then analyzing the 
overall water demand on local water resources based on these comprehensive results. 
2. Methods 
This paper focuses on not only the water use, but also the water intensity of the shale 
gas production (defined as net water use per well divided by the estimated ultimate 
recovery (EUR) of the well). Besides, Sichuan basin is chosen as the target area since 
it is one of the main prospective areas for shale gas exploration and development in 
China, and also most current activities of shale gas development are concentrated in 
this basin (Dong et al., 2014). 
To evaluate the water use of shale gas development, a process-based life cycle 
inventory (P-LCI) model is developed. This section is organized as follows: 1) 
Definition of the system boundary; 2) Description of the life cycle of shale gas 
development; 3) Introduction of the estimation approach for EUR; and 4) Introduction 
of the estimation procedures. 
2.1 System Boundary 
The system boundary includes four stages, i.e. site preparation, drilling, fracturing and 
completion, and production, while other stages, such as distribution, storage and use 
stages are not considered. The attributable processes or activities for each stage are also 
defined (Figure 1), and are described in detail in the following parts of this section. Two 
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metric functions are applied in this paper, one is cubic meter water use per well (m3 
water/well) to reflect the net water use; the other is the water intensity, given by cubic 
meters of water use per ten thousand cubic meter of gas production (m3 water/104m3 
gas). 
 
 
Figure 1. Stages and attributable activities of shale gas development 
2.2 Description of the shale gas life cycle 
2.2.1 Site preparation stage 
The site preparation stage usually includes three attributable activities, i.e. road 
repairing and construction, pad construction and auxiliary facilities construction. This 
paper only considers the water use in auxiliary facilities construction, since there is no 
significant water use in road repairing and construction and pad construction (Chang et 
al., 2014a). Auxiliary facilities mainly include a wastewater sink, freshwater 
impoundment, solidification and landfill, flare pit and some living facilities, such as 
temporary rooms for workers’ cooking and living, toilets and garbage pits (PetroChina-
SOC, 2014a, 2014b, 2014c). The construction of these living facilities is not considered 
in this paper due to little water use in their construction.  
The wastewater sink is mainly used for treatment and storage of produced waste 
liquids during drilling and fracturing stages. The size of a wastewater sink ranges from 
1200 m3 to 3200 m3 (average value: 2200 m3), where detailed data sources can be seen 
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in Table S1 in the Supplementary Information (SI). The concrete is prepared on site and 
used to prevent the percolation of the wastewater sink (PetroChina-SOC, 2014a, 2014b, 
2014c). Therefore, the water use in the construction of the wastewater sink is the water 
used for concrete preparation. The detailed water use estimate is given in SI. 
Freshwater impoundment is mainly used for storage of freshwater that is 
transported from off-site and mainly used for drilling and fracturing. The size of a 
typical freshwater impoundment ranges from 2800 m3 to 10000 m3 (average value: 
7500 m3; see Table S1 in SI). Different from the wastewater sink, the freshwater 
impoundment uses a waterproof fabric instead of concrete to prevent percolation, since 
its main function is to temporarily store the freshwater and freshwater has little impact 
on environment. Therefore, there is no water use in freshwater impoundment 
construction. 
Solidification and landfill is mainly used for treatment of the solid waste produced 
during the stages of drilling and fracturing, such as drill cuttings. The size of the 
solidification and landfill facility ranges from 2400 m3 to 5000 m3 (average value: 3400 
m3; see Table S1 in SI). A flare pit is mainly used for flaring gas during the period of 
production testing after fracturing (NDRC, 2004). The size of the flare pit ranges from 
50 m3 to 400 m3 (average value: 200 m3; see Table S1 in SI). Similar to the wastewater 
sink, the concrete is used to prevent the percolation for both the solidification and 
landfill facility, and the flare pit. The estimated water use in the construction of these 
two facilities is given in SI.  
In addition to the activities discussed above, workers’ living activities also need 
water (i.e. on-site living water use). The water use for on-site living is estimated based 
on water use per person per day and the total days needed in this stage, and the detailed 
calculation is also included in SI. 
It should be noted the water use estimated in this stage is for one pad rather than 
for one well, since for shale gas, one pad usually has six wells in the Sichuan basin to 
reduce extraction cost per well (this mode is called “well-factory”). To present a more 
practical analysis this paper estimates the average water use per well by dividing the 
volume of the water use for one pad by the number of wells (see Table S2 in SI). 
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2.2.2 Drilling stage 
The drilling stage includes two processes or activities, i.e. well drilling and well 
cementation. A well will be firstly drilled in a vertical direction until a "kick-off point” 
(KOP) is reached, where the orientation of the drill bit will be changed. Then, this non-
linear drilling directs the well into the desired geological formation, at which point 
drilling continues in a horizontal direction until the designed length of the well. In 
addition, a well is usually reinforced with multiple layers of steel casing and cement 
during its drilling process. A typical shale gas well in the Sichuan basin usually has four 
casing strings: conductor, surface casing, intermediate casing, and production casing 
(see Figure 2). 
 
Figure 2. A typical design of a shale-gas well 
In the well drilling process, drilling muds are necessary to control the formation 
pressures, maintain wellbore stability, keep the drill bit cool and clean during drilling, 
and carrying out drill cuttings etc. Two types of drilling muds are usually used in the 
Sichuan basin: 1) a water-based drilling mud, which is used before the drill bit enters 
the desired geological formation, and 2) an oil-based drilling mud, which is used after 
the drill bit has entered the desired geological formation to improve the security and 
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stability of the wellbore (Tang et al., 2011). The volume of water could account for 70-
85% of total volume of water-based muds in Sichuan (Nan, 2017; Peng et al., 2017). 
For oil-based muds, in Sichuan, the percentage of oil may range from 50%-70% (He et 
al., 2012; Cheng et al., 2014; Wu et al., 2014). The water use in this process is the water 
used for preparing the drilling fluid, and is estimated to be 1049-3047 m3 (average value: 
2100 m3); where detailed estimates can be found in SI. Furthermore, the waste drilling 
water from one well is usually partially recycled and reused for other wells within the 
same pad (PetroChina-SOC, 2015a, b). Therefore, the actual net freshwater use per well 
will be lower than 2100 m3 if this kind of waste drilling water recycle mode is applied. 
This paper considers this recycle mode, since it has already been widely used in the 
Sichuan basin to save water resources. A detailed description of the recycle mode, and 
estimate of the average net freshwater use per well in drilling process, are given in SI. 
In the well cementation process, the water use is the water used for preparing the 
cement slurry (cement slurry is used to cement the rocks and casings), and its volume 
is significantly influenced by two key factors, i.e. the length of different casing strings 
and the weight of cement slurry. The analyses of these key factors and estimates of the 
water use are described in SI.  
In addition to the activities discussed above, on-site living water use for this stage 
is also estimated by using the same method mentioned in previous section, and its 
results are shown in detail in SI. 
2.2.3 Fracturing and completion stage 
Based on the practice of shale gas development in the Sichuan basin, the fracturing and 
completion stage usually includes well cleaning, well perforation and fracturing, and 
production testing. Freshwater is usually used in well cleaning and estimated to be 105 
m3 per well (PetroChina-SOC, 2015a, 2015b).  
Well perforation uses perforating guns to penetrate the production casing, cement 
and the desired formation to create tunnels that act as conduits through which reservoir 
fluids flow from the formation, into the wellbore and up to the surface. Unlike 
conventional gas, a fracturing treatment is typically needed for a shale formation due 
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to its very low permeability. Once the shale formation is fractured, proppants (sand is a 
common proppant) will be injected to keep the induced cracks open. In China, hydraulic 
fracturing is currently the most widely used fracturing technique due to its low cost and 
lower formation damage (Huang et al., 2012).  
For the consumed fracturing fluid, some vertical wells which are drilled in the very 
early development period in the Sichuan basin used only several thousand cubic meters 
of fracturing fluid (Nie et al., 2013), while some wells used also nearer 50000 m3 of 
fracturing fluid (Tang et al.,2011); however, both these two cases are not common. Most 
current horizontal wells in the Sichuan basin typically consume between 10253-40237 
m3 (average value: 26071 m3) of fracturing fluid (see Table S6 in SI). The water use is 
assumed to be the same volume as the consumed fracturing fluid, due to its dominant 
share. 
A portion of the injected fracturing fluid will return to the surface during 
production testing in the fracturing and completion stage (these fluids are called 
flowback water and are produced from the well immediately after hydraulic fracturing 
and before commencing gas production). Another portion of the fluid will be produced 
along with the shale gas over the lifespan of the well in the production stage (these 
fluids are called produced water). The remainder of the injected fracturing fluid will 
stay in the formation. 
The flowback rate is usually low due to the short period of production testing. 
According to Liu et al. (2015), in China it ranges typically between 2% and 12%, with 
an average value of 5.4%. To reduce the water use, about 85% of flowback water is 
recycled and reused for other wells within the same pad. The rest is transported to the 
Qifu wastewater treatment plant or disposed of via deep well injection (PetroChina-
SOC, 2014a, 2014b, 2014c, 2014d; CNPC-CDEC, 2014). Due to the recycling the 
actual freshwater usage per well is lower than the amount of injected water. Recycling 
of flowback water is considered in this paper; the detailed calculation of the net 
freshwater per well is shown in SI.  
In addition to the activities discussed above, on-site living water use during this 
stage is also considered and estimated by using the same approach mentioned 
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previously. The estimated results can be found in SI. 
2.2.4 Production stage 
The production stage mainly includes gas production and produced water recycling and 
disposal. There is no freshwater input during this stage. The produced water during this 
stage is mainly from two sources: one is the original injected fracturing water; the other 
is formation water. However, there are no complete statistics to show how much 
produced water will finally return to the surface, since the production period in the 
Sichuan basin is still short. According to Jiang et al. (2014), 1×106 m3 of gas production 
will generate 15 m3 water. Thus we can estimate the volume of produced water by 
multiplying 15 m3 water per 1×106 m3 gas production by the EUR estimated in section 
2.3. The recycle volume of produced water can be then estimated by multiplying the 
produced water by its recycle rate (see SI).  
2.3 EUR estimate for China's shale gas wells 
The EUR estimate for a given well is crucial for the water intensity calculation. Three 
important parameters are widely used to describe shale well performance, and to 
estimate the EUR. These are: the initial production (IP), production decline rate and the 
well lifetime (Stephen et al., 2014; Lanrenzi et al., 2013; Yu et al., 2016).  
Based on our investigation, the test gas production rate (where, generally, the initial 
production is lower than the test production rate) during fracturing and completion stage 
can be very high; for example, the test production of Yuanba#21 well was 50.7×104 
m3/d (Dong et al., 2014). However, this is only a rare case. Most wells have a much 
lower test production rate. For example, based on the 53 wells with their test production 
data from various sources (including: Liu et al., 2015; Dong et al., 2014; Ren et al., 
2015; Yin et al., 2014; He, 2014; Xu and Zhang, 2015; Yang et al., 2014; Zou et al., 
2013; Guo et al., 2014; Fang et al., 2015; Zhang and Zhu, 2014; Yang et al., 2015), we 
estimate that the typical test production rate of 96% of wells is less than 30×104 m3/d 
(average production: 9.4×104 m3/d); of 85% of wells' production is lower than 20×104 
m3/d (average production: 6.7×104 m3/d); and of 57% of wells' production is lower than 
10×104 m3/d (average production: 3.7×104 m3/d). Therefore, the initial production rate 
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of shale gas is assumed to be 3×104 m3/d for the low case, 9×104 m3/d for the high case, 
and 6×104 m3/d for the average case. The average case is consistent with the initial 
production values given in Chang et al. (2015), Yuan et al. (2015) and Xia et al. (2015).  
Liu et al. (2014) first analyzed the production decline rate of China's shale wells in 
the Sichuan basin and proposed a unique production decline curve (see Table 1). This 
production decline curve has also been applied in other literature, such as Yu et al. 
(2016). Our paper also uses Liu et al.'s proposed production decline curve to estimate 
the shale wells' EUR in the Sichuan basin. The well lifetime is estimated to be 20-30 
years (average value: 25 years) (Yu et al., 2016; Yuan et al., 2015; Liu et al., 2014; 
Wang et al., 2014). 
 
Table 1. Production decline rate of shale gas wells in the Sichuan basin 
Years 
1st 
year 
2nd 
year 
3rd 
year 
4th 
year 
5th 
year 
6th 
year 
7th 
year 
≥ 8th 
year 
Decline rate 40% 33% 20% 10% 8% 7% 6% 5% 
Data source: Liu et al. (2014) 
 
Based on above assumptions, the EUR of shale gas wells in the Sichuan basin is 
estimated to be typically from 60.4-211.0 ×106 m3, with an average value of 132.0 ×106 
m3. 
2.4 Estimation procedures of the developed model 
The procedure of our developed P-LCI model is shown as follows:  
 Step 1 is to obtain the original inventory data from various sources. Data quality is 
a key factor influencing the validation of the estimated results. To improve the 
reliability and quality of the data, the data used in this paper are collected from four 
sources: 1) the operators’ formal reports approved by the Chinese government, 2) 
the national standards released by the government, 3) peer-reviewed literature, and 
4) interviews with operators (detailed data and their sources can be found in SI). 
 Step 2 is to determine the parameters. Parameters are the model’s inputs which 
affect the assessment results directly. Values for some parameters can be extracted 
 13 
from the data sources directly, while values for other parameters need to be 
estimated by using some methods and the data from data sources (detailed 
information for a number of methods can be seen in SI).  
 Step 3 is to develop the P-LCI model. Two main models are developed: one is to 
estimate the total net water use per well, W𝑡, see eq. (1); the other is to estimate 
the water intensity per well, W𝐼𝑛𝑡., see eq. (2).  
W𝑡 = ∑ W𝑖
4
𝑖=1 = ∑ 𝑓(𝑥𝑖,1, 𝑥𝑖,2, … , 𝑥𝑖,𝑛)
4
𝑖=1                (1) 
W𝐼𝑛𝑡. = W𝑡 𝐸𝑈𝑅⁄ = W𝑡 𝑓(𝐼𝑃, 𝐷𝑅, 𝐿𝑇)⁄                (2) 
where W𝑖 is the water use for stage i (the stages of shale gas production are shown 
in Figure 1); 𝑥𝑖,𝑛 is the parameters which affecting the estimation of W𝑖; EUR is 
the estimated ultimate recovery of the well; IP is the initial production of the well; 
DR is the production decline rate of the well; LT is the lifetime of the well. 
 Step 4 is to run the developed model. The values of the parameters from the Step 2 
are used as the inputs for the models developed in Step 3. Finally, the output results 
are analyzed.  
3. Results and discussion 
3.1 Water use and water intensity 
The total net water use per well in the Sichuan basin is estimated to be around 24500 
m3/well (range: 9700-37500 m3/well), with detailed water use for each life cycle stage 
as shown in Figure 3. It should be noted the water use estimates in this section are all 
net water use, which means that the potential recycling and reuse of water resources for 
each life cycle stage have been considered. 
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Figure 3. Estimated life cycle net water use for a shale well in the Sichuan basin 
Note: Error bars represent the range of estimates 
Based on our estimates, the highest net water use is from the fracturing and 
completion stage, which is estimated to be around 25200 m3/well (average value), 
accounting for 103% of total net water use due to large amounts of injected fracturing 
water used in this stage and low flowback rate. The second highest water use is from 
the production stage. As mentioned in section 2.2.4, there is no water input in this stage, 
and in addition, parts of produced water can be recycled and reused in other wells in 
the same pad, which will help reduce the freshwater input for other wells. Therefore, 
the net water use in the production stage is negative and estimated to be around -1680 
m3/well (average value), accounting for -7% of total net water use. The third highest 
water use is from the drilling stage. In the drilling stage, a Sichuan shale well usually 
needs to use 2100 m3 water as drilling fluid. However, the actual net water use may 
much lower than initial estimates due to the very low loss rate of drilling water under 
the ground and high recycle rate aboveground, as well as the applied "Well Factory" 
development mode. Based on our estimates, the net water use in the drilling stage is 
estimated to be around 940 m3/well (average value), accounting for 3.8% of total net 
water use. The lowest water use is the water consumed in the site preparation stage, 
which is estimated to be only around 40 m3/well (average value) due to the "Well 
Factory" development mode, accounting for 0.2% of total net water use.  
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The water intensity can be then estimated to be around 1.9m3 water/104m3 gas by 
using the average values of EUR and total net water use per well. The situation of water 
intensity for each life cycle stage is similar with that in Figure 3, so the descriptions 
given in previous parts of this paper are omitted here to avoid replication. 
3.2 Sensitivity analysis 
Figure 4 shows the results of sensitivity analysis (only showing the six top parameters). 
We can see that the fracturing water use holds the greatest contribution to variance in 
total net water use; while both initial production of a shale gas well and fracturing water 
use have the greatest influences on variance in water intensity. 
 
Figure 4. Sensitivity analysis of water use and water intensity to key model 
parameters or input variables 
3.3 Comparison the results of this paper with those of previous studies 
As mentioned previously, Chang et al. (2014a) presented the first quantitative analysis 
of shale gas development in China. Based on Chang et al. (2014a), the total water use 
per well was estimated to be around 25000 m3, which is consistent with this paper's 
average estimate, of 24500 m3 per well. However, the detailed estimation processes and 
parameters considered in each stage are significantly different (see Table 2). 
 
Table 2. Comparison of the process and parameters in this paper and those of 
Chang et al. (2014a) 
Life cycle 
stage 
This paper's estimate 
Estimate from 
Chang et al. (2014a) Main reasons for the difference 
Range estimate[m3] Point estimate[m3] 
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Site 
preparation 
42 
(range:30~61) 
85 
This paper considers the production 
behavior of "well factory" 
Drilling 
940 
(range:480~1346) 
1266 
This paper considers the production 
behavior of "drilling water recycling 
and reuse"  
Fracturing 
& 
completion 
25221 
(range:9996~38861) 
23655 
This paper considers well cleaning 
and the production behavior of 
"flowback water recycle and reuse "  
Production 
-1683 
(range:-770~-2690) 
 
This paper considers the production 
behavior "produced water recycle"  
Total* 
24500* 
(range:9700~37500) 
25000* 
This paper used more specific data 
and different production behaviors  
*May not sum directly to total due to rounding. 
 
In the very early stage of China’s shale gas industry, the main purpose of 
exploration and exploitation is to understand the shale formation, test the adaptability 
of techniques, and know the potential production capacity of shale gas wells. Therefore, 
in reality, the cost and environmental issues are generally ignored by operators. 
W201H1, which was used by Chang et al. (2014a) was a test well and was drilled in 
2010 and finished in 2011, therefore, there was only one well in that pad and no recycle 
systems for water resources. In this case, the results of Chang et al. (2014a) reflect the 
basic situation under the early production behaviors. The well data used in this paper 
are for more recently drilled or produced wells, so the results in this paper reflect the 
current situation. From this perspective, both Chang et al.’s and this study are basically 
realistic descriptions for China’s shale gas industry, and their difference can therefore 
be explained as the difference in production behaviors in different periods. 
A comparison of average value in this paper and those in other literature is shown 
in Figure 5. For U.S. shales, we can see that Northeast Colorado shale region (11320 
m3 water per well), Barnett shale region (10600-15031 m3 per well) and the Marcellus 
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shale region (13036-15927 m3 per well) have comparatively lower values for net water 
use per well than the other three areas. The Haynesville shale region has the largest 
water use per well, with an estimated value of 21500-23044 m3 per well. Canada is the 
second largest country extracting its shale gas resources commercially after U.S. (Zhao 
et al., 2011). Alessi et al. (2017) and Goss et al. (2015) made a comprehensive 
comparative analysis of water use of four shale formations in North American, of which 
two are in Canada, i.e., Montney shale play (Located in Alberta [AB] and British 
Columbia [BC]) and Duvernay shale play (Located in AB). Based on the investigation 
of the data between November 2011 and March 2014 from the FracFocus database, 
Alessi et al. (2017) and Goss et al. (2015) show that the average water use for the 
hydraulically fractured wells in AB (mainly for Duvernay shale) and BC (mainly for 
Montney shale) are 3990 and 10430 m3/well respectively. In 2014, Stamford and 
Azapagic (2014) carried out the first estimate of water use for U.K. shale gas 
development and showed that the water use is 13000 m3 per well in its middle case. 
Therefore, we can conclude that China typically has a larger water use per well in shale 
gas development compared to other regions shown in this paper. 
A number of reasons could explain this phenomenon, but the most important 
reasons may be geology or formation conditions, the depth of burial of shale formations, 
and fracking techniques (Wang et al., 2014; Lee and Sohn, 2014; Zeng et al., 2013; 
Wang et al., 2017). First, the shale formations in China are more complex than those in 
the U.S. (Zhang et al., 2011); Second, the depths of most of the burial of shale 
formations in China are more than 3000m which is higher than most of shale formations 
in the U.S. (Wang et al., 2012); Third, in practice, nearly all shale gas wells in China 
use slickwater fracturing, while some shale gas wells in U.S. and Canada may also use 
energized or energized slickwater fracturing (Alessi et al., 2017). It is known that 
slickwater fracturing technique consumes more water than energized or energized 
slickwater fracturing techniques (Alessi et al., 2017). All the reasons above may result 
in the higher water use in China’s shale gas development. 
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Figure 5. Comparison of the mean or median estimates of net water use per well 
of this and  other studies 
Data sources: Jiang et al. (2014); Clark et al. (2013); Stephen et al. (2014); Stamford and Azapagic 
(2014); Chang et al.(2014a); Nicot and Scanlon (2012); Dale et al. (2013); Alessi et al. (2017); Goss et 
al. (2015). The light band in this figure indicates the range of US, UK and Canada estimates 
 
3.4 Implications on regional water resources 
To promote its shale gas development, China has released its national shale gas 
development plan (NDRC, 2012), and sets out the aim of its shale gas production to 
reach more than 30 billion cubic meters (bcm) per year by 2020 (Yu et al., 2016). 
Furthermore, shale gas from the Sichuan basin is seen as the dominant contributor to 
this plan (Dong et al., 2014). Based on the drilling experience of the Haynesville shale 
region in the U.S., Yu et al. (2016) forecast the drilling rate (i.e. the number of wells 
drilled per year) for the Sichuan basin, and pointed out that the drilling rate will increase 
rapidly before 2021, and then reach its peak (about 1000 wells per year) and decline 
(Figure 6). Based on this forecast of drilling rate and our estimated water use per well, 
we can then estimate the future annual water demand of shale gas development in 
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Sichuan basin (Figure 6). From Figure 6, we can see that the annual water demand will 
increase rapidly in the next few years and reach its peak in 2021, with a peak water 
demand of 24.5×106m3 (range: 9.7-37.6×106m3).  
 
 
Figure 6. Projection of drilling rate and its related water use in Sichuan basin 
Note: drilling rate is from Yu et al. (2016). 
According to the latest water resources bulletins of Sichuan province and 
Chongqing municipality (the Sichuan shale basin mainly includes Sichuan province 
and Chongqing municipality), the total water supply in 2014 was about 23690×106m3 
for Sichuan province (SWRD, 2015) and 8050×106m3 for Chongqing municipality 
(CWRB, 2015). Therefore, the predicted likely water demand for shale gas 
development can be seen as negligible relative to the total water supply. However, this 
does not mean the water use for shale gas development can be excluded in decision 
making, since there is likely to be a high competition between water demand from shale 
gas development and demand from other sectors. By considering the water demand and 
water availability in certain areas, Yu et al. (2016) established a water stress index to 
understand the potential competition between water use in shale gas development and 
water use in other sectors. They found, unfortunately, that the shale gas blocks in the 
Sichuan basin did indeed coincide with the areas with high to extremely high water 
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stress.  
4. Conclusions 
The conclusions are summarized as follows: 
    First, the total net water use per shale gas well is estimated to be around 24500 
m3/well. By considering the breakdown of net water use, the fracturing and completion 
stage requires the largest share, while the site preparation stage has the smallest share. 
Furthermore, the water use in the production stage is negative. This is due to little water 
input, and the large water reuse from recycling of produced water. 
Second, the water intensity per well (net water used per well lifetime m3 of gas 
produced) is also estimated, by considering the EUR of shale gas wells. Based on the 
analyses of initial production, decline rate and assumed lifespan of typical shale gas 
wells, the average EUR for a single shale well is around 132.0×106 m3. This then allows 
the net water intensity of shale gas production in the Sichuan basin in China to be 
estimated as 1.9m3 water/104m3 gas.  
Third, a comparison of the average value of water use per well in this paper and 
those in other literature shows that China’s shale gas development may consume more 
water than other countries. The main reason is likely to be the typically much greater 
depth of burial of the shale formation and the complex formation conditions, as well 
perhaps currently a lack of more advanced production techniques in China.   
Finally, a forecast of total net water use for shale gas development in the Sichuan 
basin is conducted. The annual net water use for shale gas development in this basin is 
forecast to increase rapidly in the next few years, and reach a peak of 24.5×106m3 in 
2021 due to the peak of drilling rate. In comparing this quantity with current total water 
use in the same region, the impact of this water use on total regional water supply 
appears to be marginal. However, given the levels of local water stress already apparent 
in the region, the competition between water use in shale gas development and for other 
sectors could well be serious, and will need to be taken into account in decision-making. 
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